Radial thickening of radish hypocotyls is inhibited by high temperature, but the inhibition is reversed by the application of growth retardants. To study these phenomena, dry weight accumulation, net photosynthesis (Pn), and sugar contents of developing plants were determined. These results showed that photosynthetic ability of leaves and glucose and fructose contents decreased in the hypocotyls of plants grown at an elevated temperature. Growth parameters for quantitative growth were unaffected by the high temperature, whereas reducing sugar content was slightly increased by the application of the growth retardant uniconazole P. These results indicate that the growth retardant affected the process of reducing sugar accumulation, but not Pn directly.
Introduction
Radishes grow well in rather cool climate, but at high temperatures, radial thickening of hypocotyls was reduced (Hayata et al., 1986; Plitt, 1932; Suzuki, 1978) . They also pointed out that high temperature (1) stimulated hypocotyl elongation, (2) lowered thickening activity in xylem tissue, and (3) increased partitioning of dry matter to leaves. However, mechanisms of inhibitory effects of high temperature on radial growth are not yet fully understood. Hayata et al. (1986) reported that levels of auxins and cytokinins in hypocotyls decreased at high temperature but that cytokinin application stimulated hypocotyl thickening, which suggest that these plant hormones are involved in hypocotyl development. However, a large increase in diameter and dry weight growth of fleshy axis is dependent on the accumulation of photosynthetic products translocated from source leaves (Suzuki, 1976; Usuda and Shimogawara, 1998; Usuda et al., 1999a, b) , which indicate that dry matter production and its partitioning play an essential role on thickening of radish hypocotyls.
Histological observation showed that thickening growth was restored in radishes grown at high temperature by the application of the growth retardant (Suzuki and Takano, 1978) . However, applying growth regulators to hypocotyls through cotton thread showed that thickening was unaffected by the growth retardant application (Suzuki, 1981) , which indicates that the effect of the growth retardant was not a direct one.
To clarify the inhibitory effect of high temperature on hypocotyl growth of radishes and the roles of the growth retardant in overcoming this inhibition, Pn and sugar content of radishes grown at high temperature were determined.
Materials and Methods

Plant materials
Radish (Raphanus sativus L. 'Comet') seeds were germinated on wet filter paper in the dark at room temperature for 24 h. Three germinated seeds were selected for uniformity and planted in a black plastic pot (9 cm diam. and 300 cm 3 capacity) filled with premixed soil (vermiculite : peat moss : carbonated rice hull = 5:4:1). Plants were grown in a phytotron (S-206W, Koito Industries, Ltd., Japan) under a natural light condition and 30/25°C (day/night, high temperature) or 20/15°C (control temperature). After the first true leaf fully expanded, one seedling per pot was kept for measurement of growth, Pn, and sugar content. Plants were irrigated with tap water before seedling emergence and thereafter supplied daily with a nutrient solution containing 1.125 mM of MgSO 4 ·7H 2 O, 0.5 mM of KH 2 PO 4 , 0.375 mM of Ca(H 2 PO 4 ) 2 ·2H 2 O, 1.5 mM of Ca(NO 3 ) 2 ·4H 2 O, 7.5 mM of KNO 3 , and microelements (Fe; 3, Mn; 0.5, B; 0.5, Zn; 0.05, Cu; 0.02, Mo; 0.01 ppm). A foliar spray of 2.5 ppm of uniconazole P solution ((E)-(S)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pent-1-en-3-ol, Sumitomo Chemical Co., Ltd., Japan) was applied on day 4 after germination to half of the plants (treated plants) until leaves were completely wet. The other half was kept as the control.
Gas exchange measurements
Changes in Pn of cotyledons and the first true leaf were measured by an infra-red CO 2 analyzer (ZAP, Fuji Electric Co., Ltd., Japan) in an open system as previously described (Suzuki et al., 1987) . The rate of air flow in an assimilation chamber was 5 L·min −1 . Temperature and relative humidity were maintained at 20 or 30°C and approximately 60%, respectively. The photosynthetic photon flux density (PPFD) on the leaf surface was ca. 500 µmol·m −2 ·s −1
. Changes in Pn during the experimental period were shown as scattered plots connected by arbitrary lines.
Quantitative growth analysis
Ten plants were sampled every five days for 30 days beginning from day 5 after germination. Fresh weight of each shoot and hypocotyl, its length and diameter were recorded (data not shown), before being dried in a ventilated oven at 80°C for 3 days. Calculation and statistical analysis of specific growth rate (SGR), unit leaf weight rate (ULwR), and leaf weight rate (LWR) were carried out by using the pairing method on the basis of sequential order of plant size (Causton and Venus, 1981; Takano et al., 1981) . SGR is the rate of increase in total dry weight per plant with the unit of g·g −1 ·day −1 or day
, and can be expressed as the product of two parameters, as given by where W is plant total dry weight, Lw is plant total leaf dry weight, and dW is the increment of dry weight during the period dT (5 days). ULwR is a physiological index that is closely related to the photosynthetic ability of an individual plant with the unit of g·g −1 ·day −1 or day −1 , whereas LWR is a morphological and dimensionless index of the leafiness of the plant on a dry weight basis. Thus, changes in SGR can be analyzed from physiological (ULwR) or morphological (LWR) bases.
Carbohydrate analysis
Twenty to 90 plants that were sampled, depending on plant size, were divided into each organ. After frozen in liquid nitrogen, plant materials were stored in a deep freezer at −30°C and lyophilized to determine dry weight and sugar content. Lyophilized tissues were then combined and pulverized to a fine powder by using a mortar and pestle. A 100-mg powdered sample was extracted with 15 mL of boiling 80% ethanol for 15 min, and repeated four times after each centrifugation. Ethanol in the supernatants was evaporated in boiling water. After precipitating proteins with 3 N Ba(OH) 2 and 5% ZnSO 4 , the volume was adjusted to 50 mL with distilled water. Sucrose, glucose, and fructose were determined enzymatically by using the sucrose/glucose/fructose assay kit from Boehrnger Mannheim Biochemicals. Statistical analysis of differences in carbohydrate content was not carried out because the lyophilized plant materials from the same treatment were combined to obtain a sufficient quantity of materials for sugar analysis.
Results
Effects of temperature on growth parameters (Fig. 1 ) Fig. 1 . Changes in specific growth rate (SGR), unit leaf weight rate (ULwR), and leaf weight ratio (LWR) of plants grown at high (○) and control (•) temperatures. These parameters were calculated using dry weight of plants harvested at 5-day interval. Vertical bars indicate 95% confidence limits of means (n = 10) by Fisher's LSD test.
show that SGR was unaffected by temperature for 5 days beginning from day 5 after germination (DAG). Thereafter, SGR of plants grown at control temperature (CT plants) was higher than that of plants grown at high temperature (HT plants) except during 10-15 DAG. Subsequently, the trends of ULwR were similar to those in SGR, except that the former was higher under control temperature than high temperature. LWR was nearly constant at 0.7-0.8 in HT plants, whereas it was lower under control temperature after 25-30 DAG. Changes in Pn of cotyledons and the first leaf (Fig. 2) reveal that
Pn of CT plants reached the maximum rate about 20 DAG and was higher than that of HT plants during 14-30 and 20-30 DAG in cotyledons and in the first leaf, respectively. Although sucrose content was low, more glucose and fructose accumulated in hypocotyls under control temperature than they did under high temperature (Fig. 3) . Effects of the growth retardant on the growth parameters (Fig. 4) show that SGR of treated and control plants increased by 10-15 DAG and thereafter decreased. Changes in ULwR were similar to those in SGR. LWR was nearly constant 5-15 DAG but thereafter decreased in both regimes. Effects of the growth retardant on Pn (Fig. 5) reveal that there were large variations in Pn values of HT plants so that no obvious effect of the treatment was noted. Sugar analyses of the hypocotyls (Fig. 6) indicate that glucose and fructose content was slightly increased by the growth retardant application 3 . Effects of high temperature on changes in glucose, fructose, and sucrose content in hypocotyls. H, high temperature; C, control temperature. Fig. 4 . Effects of the uniconazole P application on changes in specific growth rate (SGR), unit leaf weight rate (ULwR) and leaf weight ratio (LWR) of plants grown at high temperature. These parameters were calculated using dry weight of plants harvested at 5-day interval.
•, control; ○, uniconazole P-treated plants. Vertical bars indicate 95% confidence limits of means (n = 10) by Fisher's LSD test.
except on 30 DAG.
Discussion
As reported previously (Hayata et al., 1986; Suzuki, 1978) , high temperature resulted in smaller total plant dry weight accumulation in this experiment (data not shown). According to our method of quantitative growth analysis, SGR can be expressed as the product of ULwR and LWR (Takano et al., 1981) . A close relation between changes in ULwR and SGR indicates that the changes in SGR is the function of ULwR. Thus, the smaller SGR in HT plants is attributable to the smaller ULwR (Fig.  1) , although it is affected by photosynthesis, respiration, and uptake of inorganic elements by an individual plant; its photosynthetic capacity is the most important factor to determine this parameter (Iwaki, 1958) . The temperature-Pn curve of our unpublished data showed that optimum temperature was around 20°C in radishes grown at 23/18°C (day/night). The smaller Pn both in the cotyledons and the first leaves of HT plants (Fig. 2) suggests that lowered photosynthetic ability of an individual plant was partly responsible for the reduced radial thickening of hypocotyls under high temperature. Since Pn of HT plants increased to a maximum value earlier than did that of CT pants during the leaf developmental stage, leaf maturation appears to have been accelerated by the high temperature. Usuda et al. (1999a, b) reported that sucrose is a major sugar translocated from leaves to the fleshy axis in radishes and that sucrose synthase plays a critical role in the process of reducing sugar accumulation. Hence, glucose and fructose accumulated in the fleshy axis up to 190.5 and 146.7 mg·g −1 DW, respectively. In cultivars with poor thickening ability, the level and the activity of this enzyme were low. Larger amounts of glucose and fructose accumulated in hypocotyls at control temperature (Fig. 3) than they did at high temperature. Hayata et al. (1986) also reported that the total reducing sugar content accumulated up to 264 mg·g −1 DW in fleshy axis of radish plants grown at the optimum temperature but only 120 mg·g −1 DW in hypocotyls exposed to high temperature.
Active radial hypocotyl growth was reported to be restored in radish plants grown at high temperature by the application of the growth retardant, succinic acid 2,2-dimethylhydrazide (SADH) (Suzuki and Takano, 1978) . Hypocotyl diameter increased with decreasing in hypocotyl length, resulting in higher diameter/length ratio of hypocotyls. However, SGR and ULwR were not influenced by the growth retardant during the experimental period except for 25-30 DAG (Fig. 4) , but why ULwR increased during 20-25 DAG is unknown. These results indicate that the photosynthetic ability of individual plants was not affected by uniconazole P at least during 5-20 DAG and then decreased 25-30 DAG. Fleshy axis of radishes is considered to have a strong sink capacity (Suzuki, 1976; Usuda and Shimogawara, 1998) and as such stimulated Pn. During the entire experiment, however, Pn of cotyledons and the first leaves was unaffected by the growth retardant application in HT plants (Fig. 5) , but the accumulation of glucose and fructose was slightly stimulated (Fig. 6 ). This result may be attributed to the smaller increase in hypocotyl diameters of the treated plants than that reported previously (Suzuki and Takano, 1978) . Although the low glucose and total sugar contents in the treated plants at 30 DAG is inexplicable, it is evident that their levels were higher during the rapid thickening stage. These findings suggest that the effect of the growth retardant on hypocotyl thickening was not related to the effect on photosynthesis, but to the accumulation of sugars for some unknown mechanism. Although the physiology of sugar accumulation by the fleshy axis of radishes is not fully understood, Usuda et al. (1999a, b) proposed that •, control plants grown at control temperature; ○, untreated plants grown at high temperature; △, uniconazole P-treated plants grown at high temperature. Fig. 6 . Effects of the growth retardant application on changes in sucrose, glucose and fructose content of plants grown at high temperature. GR, growth retardant-applied plants; C, control plants.
sucrose uptake and its breakdown to glucose and fructose in the apoplasts of phloem tissue may be a key process, which appears to be influenced by the growth retardant application. Previously, it was shown that growth regulator infusion directly to hypocotyls with cotton thread had no effect on the development of xylem tissue (Suzuki, 1981) , suggesting that the reversal of growth by a growth retardant on radishes grown at high temperature is not a direct one. Auxins and cytokinins appear to play critical roles in the development of xylem tissue in hypocotyls and in the thickening of fleshy axis (Hayata et al., 1986; Hayata and Suzuki, 1982; Loomis and Torrey, 1964; Suzuki, 1981) , but further studies are needed to examine the interaction between growth retardants and plant hormones. Based on our data, we conclude that the reduction in radial growth of radish hypocotyls by the elevated temperature is due to lowered photosynthetic activity and reduced accumulation of reducing sugars. The reversal of this inhibition by uniconazole P is unrelated to the photosynthetic process, but is somehow related to the hindering of reducing sugar accumulation.
